In spermidine-condensed calf thymus DNA preparations, torus-shaped condensates were shown by transmission electron microscopy to exist under the hydrated conditions of the freeze fractu e experiment. Using extremely low Pt metal deposition levels (9 A Pt/C) high-contrast replicas of the spermidine-DNA toruses were obtained that showed circumferential wrapping of single DNA double helix-size surface fibres. Stereoscopic analysis of high magnification stereomicrographs established some details of the three-dimensional organization of two DNA double helix sections winding circumferentially on the inner surface of one such torus. These measurements demonstrate the usefulness of stereoscopic analysis of these high macromolecular organization magnification. Measurements on a number of torus-shaped complexes (n=16) yielded these average dimensions: inner
INTRODUCTION
DNA has been shown to form condensed structures in vitro when cations with three or more positive charges are added to aqueous solution. These cations may be inorganic2, organic polyamines 1 ll, or macromolecules, such as histones 12 This reversible DNA condensation phenomenon has been successfully described by Manning's counterion condensation theory13. When visualized in the electron microscope, dehydrated preparations of the cation-condensed DNA systems exhibit a variety of condensed DNA structures. Prominent among all structures found in these systems is the torus. Since polyamines occur in nature as major ionic constituents of virus and bacteriophage heads and since condensed DNA genomes having a torus-like organization have been visualized by transmission electron microscopy (TEM) in the negatively stained and dehydrated preparations of x4 and T-4 14915 bacteriophage and herpes simple virus, 16 the in vitro polyamine-condensed DNA torus represents a valuable model system for studying DNA organization in the biological structures.
Our preliminary freeze-etch TEM studies of spermidine-condensed calf thymus DNA preparations have demonstrated the existence of the torus geometry in a hydrated condition 9. In this TEM study we present microaraphs of a number of representative spermidine-condensed calf thymus DNA toruses prepared by the freeze-etch technique. Analyses of distributions of inner and outer torus circumference and torus ring thickness are presented. These data are consistent with a continuous circumferential DNA-wrapping model of torus organization which was developed to explain the arithmetic series of DNA fragment lengths produced upon micrococcal nuclease cleavage of the condensed structures in a previous study 17 . Direct visualization of circumferential DNA wrapping of up to half the torus circumference is shown for a number of these objects. Our analysis of high magnification stereo-micrographs of two torus-shaped spermidine-calf thymus DNA complexes further strengthens this interpretation. Using a mirror stereoscope with light-dot parallax device, we have mapped in three dimensions at different positions on the surface of one torus the circumferential winding of two putative DNA double helices around almost one half the torus circumference.
MATERIALS AND METHODS
We performed freeze-etch transmission electron microscopy (TEM) on samples of spermidine-condensed calf thymus DNA (5 pg/ml) complexes in 0.2 mM spermidine in 1 lM NaCl, lOmM Tris pH 7.0. The DNA fragment size was found to range in molecular weight from [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The maximum errors in the height measurements in Figure 6 were estimated using maximum error estimates in the measurements. The height 0 0 uncertainty of the torus DNA strand points is between 0.03 A and 24 A and 0 0 averages 13.6 A ± 7.9 A. These uncertainty values do not alter the relationship between the two DNA strands in Figure 6 and in future work these uncertainty values can be reduced substantially.
RESULTS
Frozen Hydrated Toruses in Spermidine-Condensed Calf Thymus DNA Preparations.
The formation of spermidine-condensed calf thymus DNA structures was detected by a simple sedimentation assay. Under the buffer conditions used in this freeze-etch EM study, the formation of spermidine-condensed calf thymus DNA is about half complete 17 The spermidine-condensed DNA preparations contained other condensed structures in addition to toruses. However, toruses were the only regular geometric structures observed and, as such, proved easy to identify unambiguously by their shadow characteristics. Moreover, since these toruses represent an in vitro model system for bacteriophage or viral DNA head packaging 20 we have concentrated entirely in this study on the elucidation of torus substructure.
A group of representative hydrated spermidine-condensed calf-thymus DNA toruses is shown in Figure 1 . In all cases, identification of the torus shape can be clearly made by the characteristic dark shadow region behind the front and rear torus annulus areas facing the Pt/C replication source. The unidirectional Pt/C source makes approximately a 450 angle to the overall specimen surface and is directed from the top of Figure 1 to the bottom in all its panels. The toruses in Figure 1 vary somewhat in size but all of them appear to be continuous around their entire circumference. To date, we have found no evidence of torus-like DNA condensates or intermediates which have been formed by blunt-end-rod-7 fusion--a mechanism proposed in the literature
The other notable substructural feature of the Figure 1 objects is that Pt/C metal decoration has highlighted those torus surface features we believe to be double helical DNA strands wrapping circumferentially to form the torus (small arrows). We will return to this feature of torus organization later in the study.
Torus Dimensions
To gair some insight into the distribution of torus dimensions present in our preparation, we made the measurements presented in the following three figures on those toruses unambiguously defined by their shadow characteristics. Inner and outer circumference histograms are presented in Figure 2 where the measured values in Angstrom units have been converted into base pairs (bp) of circumferentially-wrapped B geometry DNA. Spermidine-condensed DNAs under these conditions have been shown by CD spectroscopy to have the B conformation 21. Both distributions' average inner and outer circumference values with the 95 percent confidence intervals are shown in the histograms. The distributions themselves are rather broad, undoubtedly reflecting: 1) the heterogeneous calf thymus DNA fragment distribution and 2) some intermolecular aggregation of DNA double helices during collapse at the 5 pg/ml condensing DNA concentration 2, 11. This latter factor would best explain why a few inner circumference values are found above 680 bp and why outer circumference values are larger than 900 bp. Finally, a contribution to each distribution spread may also be made by the lack of, or the kinetic inaccessibility of, a single thermodynamically-preferred torus dimension.
The inner and outer circumference values of a torus are linked parameters, as the data in Figure 3 show. A Figure 3 . When the inner and outer circumference data represented by the best fit line in Figure 3 are treated as circumferences of circles then an average torus 0 thickness value of 143 A can be calculated. In Figure 4 Figure 5 . Using a stereoviewer it is quite Substructural surface detail is evident in both objects. Metal decoration of continuous fibres running circumferentially along the torus ring axis is obvious at the inside rear surface. Similar DNA-strand decoration is evident in Figure 1 Considering that only 9 A of Pt/C has been deposited onto these structures, the measured fibre widths are consistent with their being DNA double helices. Furthermore, in the Figure 5B torus, viewing with a stereoviewer confirms that the fibre labelled A lies suspended above the torus upper surface above fiber B. This argues rather strongly that these surface decorated features are continuous fibres arranged circumferentially about the torus. Specifically, this excludes the possibility that the metal-decorated features are aligned surface manifestations of periodic torus structure arranged at right angles to the torus ring.
The regular geometric appearance of the Figure 5 toruses and their surface fibre metal decoration detail suggests that torus organization consists of circumferentially-wound, well-ordered DNA helices. This appearance is somewhat deceptive since measurements reveal irregularity in the packing of these surface fibres. We performed height.measurements on the Figure 5A torus stereomicrographs. Summarized in Figure 6 
DISCUSSION
All previous electron microscopic studies of condensed toruses discussed above have utilized preparation techniques that dehydrated the specimens. The present study was prompted by concern that surface tension forces during dehydration and exposure to solvents may have disrupted or rearranged specimen structure, and concern that torus substructure even if it could be seen in these studies, would not be meaningful. We have utilized freeze-etch electron microscopy to visualize frozen hydrated specimens decorated with very thin Pt/C replicas so that meaningful torus surface substructure could be visualized. (Fig. 1) is apparently a general phenomenon, although minor exceptions may exist for surface DNA strands.
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The above conclusions are embodied in the Figure 7 Torus Model. We propose a torus organized by continuous circumferential DNA wrapping. The electron microscopic evidence in this study and in biochemical studies on spermidine-condensed calf thymus toruses 17 and the topologicallyconstrained spermidine-condensed 0x-174 RFII DNA torus system 1 argues for a continuous circumferential DNA-winding model. Our model incorporates a semi-crystalline hexagonal packing of DNA nearest neighbor helices. While this is obviously an idealized situation, there is reasonable evidence for hexagonal packing of DNA in bacteriophage heads, fibres, and crystals 20 The torus dimensions in the Figure compared to the other studies in which direct mixing was used, electron microscopy preparation technique differences must also be considered important. All reported techniques contained a sample dehydration step. 892*71I 1|43*18 < 586:t65A- sensitive to the types of negative stain used and to the portion of grid surface area to which objects were attached.
The preparation uncertainties caused by dehydration, the application of solvents, and substrate surface are circumvented with the freeze-etch technique. Rapid freezing produces a situation in which objects are considered to be under solution-like conditions. The low temperature reached in the freeze-etch experiment should not significantly distort DNA in the complexes. Drew et. al. 23 have shown no significant change in the 10.1 base pair/turn value of 9 geometry DNA on x-ray structure determination of a dodecamer crystal down to 16°K. Our samples probably remained hydrated even during the etching and replication steps because the vapor pressure of bulk ice should be greater than that of tightly-bound DNA water of hydration 18, 24. The low Pt/C metal level used in our replicas is sufficient to provide high image contrast without burying or distorting major substructural features. Therefore, we feel that the torus dimensions and circumferential winding of surface DNA double helix fibres reported here more accurately reflects the solution DNA organization in these structures than other EM techniques.
Interestingly enough, Manning 25 has developed a thermodynamic stability theory that predicts a critical minimum radius of curvature for 0 DNA toruses. This value, r = 170 A, represents an effective lower limit to the curvature of DNA due to the steeply rising repulsive potential energy of atomic packing. The corresponding lower limit to torus inner circumference is 315 bp. In this study 398 bp is our lowest measured value. Moreover, in another, more extensive freeze fracture study (n = 72 toruses), we have measured torus inner circumferences down to an abrupt 310 bp lower limit in a spermidine-condensed 0X-174 RF II DNA population. This is in excellent agreement with the theory and constitutes additional evidence supporting our contention that the freeze fracture technique yields information most relevant to the solution conformations of these objects.
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In this study we have purposefully limited our scope to an examination of condensed DNA torus structure. The torus geometry, a predominant particle shape visualized in many electron microscopic studies of polycation-condensed DNA 2-4, 6-9, 11,12 is from a biological standpoint, the most important structure to study in we see no evidence in our torus structures for such a mechanism and conclude that it does not represent a significant kinetic pathway for collapse in our preparations. We hope to extend our studies to freeze dried preparations where a complete and statistical examination of all aspects of the system becomes feasible. The evidence against blunt-end-rod-fusion as a solution torus-formation mechanism is further strengthened by the micrococcal nuclease digestion study of Marx and Reynolds 1 on spermidine-condensed 0X-174 RF II DNA, the nicked, circular form. In this study, an arithmetic DNA band series can be rationalized on topological grounds only in terms of a model torus organized by continuous, circumferential winding of DNA. A similar arithmetic series of broad DNA bands has been noted in gels when spermidine-condensed calf thymus DNA was digested with micrococcal nuclease 17. The monomer band in this study (760 ± 87 bp) is proposed to be the average length of DNA wound around one complete circumferential turn of the torus. Therefore, the average torus, comprised of a collapsed monomer DNA molecule (13 x 106d) would be organized by about 25 circumferential DNA wraps of 760 ± 87 bp. This circumferential wrap value is intermediate in magnitude between the mean torus inner circumference (541 ± 60 bp) and mean torus outer circumference (825 ± 65 bp) measured in this study. Thus, these freeze-etch electron microscopic data agree well with independent biochemical results in support of a model for torus organization in which DNA is circumferentially wound in a single direction and most likely is hexagonally-closepacked in a semi-crystalline array to comprise the torus interior.
